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ABSTRACT
We present a study of the Oosterhoff (Oo) dichotomy in the Galactic bulge using 8 141
fundamental mode RR Lyrae stars. We used public photometric data from the Optical
Gravitational Lensing Experiment (OGLE) and the Vista Variables in the Vı´a La´ctea
survey (VVV). We carefully selected fundamental mode stars without modulation
and without association with any globular cluster located toward the Galactic bulge.
Subsequently, we identified and separated the Oosterhoff groups I and II on the basis
of their period-amplitude distribution and using a relation fitted to the Oosterhoff
I locus. Both Oosterhoff groups were then compared to observations of two bulge
globular clusters and with models of stellar pulsation and evolution. We found that
some of the variables classified as Oo II belong to a third Oo group. The Oosterhoff
II variables are more metal-poor on average, more massive, and cooler than their
Oosterhoff I counterparts. The analysis of their spatial distribution shows a systematic
difference between foreground, central and background regions in the occurrence of the
Oosterhoff II group. The difference between the Oo I and II groups is also seen in their
distance distributions with respect to the Galactic bar, but neither group is associated
with the bar.
Key words: Galaxy: bulge – stars: variables: RR Lyrae – stars: variables: horizontal
branch
1 INTRODUCTION
The RR Lyrae stars are helium-core burning, radially pul-
sating variables, found in old stellar systems. Thanks to
their visual and infrared period-metallicity-luminosity re-
lations, they are highly useful distance indicators within
the Local Group of galaxies (Alcock et al. 1997; Clemen-
tini et al. 2003; Monelli et al. 2017). Their contribution
has been recognized in studies involving the Milky Way and
its components like the Galactic bulge (De´ka´ny et al. 2013;
Pietrukowicz et al. 2015), Galactic halo (Sesar et al. 2013),
and Galactic disk (De´ka´ny et al. 2018), and also the Large
and Small Magellanic Clouds (Haschke, Grebel, & Duffau
2012; Jacyszyn-Dobrzeniecka et al. 2017). Moreover, they
have been proven to be useful in estimating the metallic-
? E-mail: prudilz@ari.uni-heidelberg.de
† On sabbatical leave at European Southern Observatory, Av.
Alonso de Co´rdova 3107, 7630355 Vitacura, Santiago, Chile.
ity distribution function of a given system. Using their pul-
sation periods and light curve parameters we can estimate
their individual metallicities (Jurcsik & Kova´cs 1996; Smolec
2005; Hajdu et al. 2018). The RR Lyrae stars are divided
into three sub-classes based on their mode of pulsation:
The most common fundamental-mode (RRab) variables, the
first-overtone (RRc) variables, and the double-mode (RRd)
pulsators, which pulsate simultaneously in the fundamental
mode and the first overtone.
Although RR Lyrae stars have been extensively studied
in the past decades, there are still several open questions re-
garding their physical nature. For example, the uncertainty
in their mass (due to the lack of a dynamical mass deter-
mination in binary systems, see Hajdu et al. 2015; Liˇska et
al. 2016), the modulation of their light curves known as the
Blazhko effect (see Szabo´ 2014; Smolec 2016, for extensive
reviews), and the Oosterhoff dichotomy (Oosterhoff 1939).
Oosterhoff (1939) noticed that five Milky Way globular
clusters (from hereon referred as GCs) can be divided into
© 2017 The Authors
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two classes based on the mean of the pulsation periods of
RR Lyrae stars within them. Later on, Oosterhoff extended
his analysis using additional globular clusters with RR Lyrae
stars (Oosterhoff 1944). Nowadays, many of the Milky Way
globular clusters can be separated into objects containing
either RR Lyrae stars belonging to the Oosterhoff type I
(Oo I) or Oosterhoff type II (Oo II) group. The Oo I clusters
are more metal-rich ([Fe/H] > −1.7 dex), contain RR Lyraes
that have short pulsation periods (around 0.55 days for
RRab stars), and seem to be deficient in first-overtone pul-
sators (which provide less than 20 % of the RR Lyrae popu-
lation). On the contrary, the Oo II clusters are mostly metal-
poor ([Fe/H] 6 −1.7 dex), they have RR Lyraes with longer
pulsation periods on average (0.65 days for RRab stars) and
a rather high fraction of RRc stars (around 40 %).
Over the past decades several explanations of the Oost-
erhoff dichotomy have been proposed, for example, the exis-
tence of a hysteresis zone (van Albada & Baker 1973) imply-
ing two crossings of RR Lyraes through the instability strip
(IS). van Albada & Baker suggest that Oo II RR Lyraes
evolve from the blue to the red edge of the IS, while Oo I
RR Lyraes evolve in the opposite direction, from the red to
the blue edge of the IS. In other studies, Sandage, Katem,
& Sandage (1981) and Sandage (1981) examined zero-age-
horizontal branch models and suggested a higher helium
abundance in Oo II clusters in order to explain the differ-
ence. Overall, a general consensus has not yet been reached
(Catelan 2009).
The aforementioned solutions are in tension with the ob-
served properties of RR Lyraes in the two GCs NGC 6441
and NGC 6388. These two GCs stand out from the clas-
sical Oosterhoff scheme since they contain RR Lyrae stars
with long pulsation periods and high metallicities, [Fe/H] =
−0.53± 0.11 dex and [Fe/H] = −0.60± 0.15 dex for NGC 6441
and NGC 6388 (Armandroff & Zinn 1988), respectively.
They create their own Oo III group (Pritzl et al. 2000). In-
terestingly, when we compare the population of RR Lyraes
in low-mass galaxies outside the Milky Way in the Local
Group, we find that these objects do not fall into either Oost-
erhoff group. The Magellanic Clouds, other dwarf galaxies
and their GCs fall between the classical Oosterhoff groups
and create a so-called Oosterhoff-intermediate population
(Catelan 2009). Therefore, we no longer see a bimodality
but rather an Oosterhoff continuum (see left panel of fig. 6
in Catelan 2009). This suggests that the Oo dichotomy is
intrinsic to Galactic GCs and thus might be a unique finger-
print of the Milky Way’s evolution history.
In this paper, we explore the spatial structure of
the Galactic bulge using RR Lyrae stars with respect to
their Oosterhoff association. Galactic bulges are commonly
grouped into two main types, classical (spheroidal) bulge
formed through early merging events and (bar-like) pseudob-
ulges formed through buckling disk instabilities (Kormendy
& Kennicutt 2004). The Milky Way’s bulge has a boxy/-
peanut (B/P) shape and is mainly characterized by cylindri-
cal rotation (Howard et al. 2009). Roughly half of the edge-
on disk galaxies contain B/P bulges (Lu¨tticke, Dettmar, &
Pohlen 2000). The B/P shape of our Galaxy is directly visi-
ble due to the fact that the structure is viewed under a non-
zero angle (27 deg, Wegg & Gerhard 2013), and can be traced
using red clump giants (McWilliam & Zoccali 2010; Gonza-
lez et al. 2011; Ness et al. 2012; Wegg & Gerhard 2013).
Attempts to trace bar structure using old-population stars
has been made in the past with disparate results (De´ka´ny et
al. 2013; Pietrukowicz et al. 2015). The radial velocity distri-
bution of bulge RR Lyrae stars is inconsistent with typical
B/P bulge kinematics, and overall they do not contribute to
the boxy shape of the Galactic bulge (Kunder et al. 2016).
The Galactic bulge has been a target for studies of the
Oosterhoff dichotomy in the past, for example, by Kunder
& Chaboyer (2009). Using V-band data from the MACHO
survey for RRab stars with normal light curves (based on
the calculated deviation parameter from Jurcsik & Kova´cs
1996), Kunder & Chaboyer found that the difference in pul-
sation periods between the bulge Oo I variables and the glob-
ular cluster OoI variables is about ∆logP = 0.02 days. In ad-
dition, in their study variables identified as Oo II stars could
be on average brighter by 0.2 mag than their Oo I counter-
parts.
In this first paper of the series, we used data of RRab
variables from the Optical Gravitational Lensing Experi-
ment IV (from hereon OGLE-IV, Udalski, Szyman´ski, &
Szyman´ski 2015) and the VISTA Variables in the Vı´a La´ctea
survey (VVV, Minniti et al. 2010) to study the physical and
spatial properties of the Oosterhoff populations in the Galac-
tic bulge. In the second paper of the series, Paper II (Prudil
et al., in preparation), we will look at the kinematical distri-
bution of some of the studied stars from the present paper.
This paper is structured as follows. In Section 2 we describe
how we selected our stellar sample. Section 3 discusses the
computation of individual distances to the selected stars and
the separation of the two Oosterhoff groups in the Galactic
bulge. In Sec. 4 we compare the two classical Oosterhoff
populations with two GCs located in the Galactic bulge and
we discuss the mean physical parameters of the Oosterhoff
groups. Section 5 discusses the spatial distribution of stars
in our sample. We summarize our results in Sect. 6.
2 SAMPLE SELECTION
In order to study the Oosterhoff dichotomy in the Galactic
bulge, we combined data from two large photometric surveys
monitoring the area around the Galactic center, OGLE-IV
and VVV. The OGLE survey monitors the Galactic bulge in
optical wavelengths (V and I-bands), while VVV conducted
observations in the near-infrared (Z, Y , H, J, and Ks-bands).
Therefore, the combination of both datasets allowed us to
cover a broad wavelength range.
To ensure homogeneity and detection completeness of
our sample, we employed cuts to the sample of OGLE-IV
variables and the resulting sample was then cross-matched
with the data from the VVV survey. For the purpose of
this study, we thus considered only variables with data in
both surveys. In the Galactic bulge, OGLE-IV observed
over 38 000 RR Lyrae stars of which more than 27 000 are
fundamental-mode pulsators (Soszyn´ski et al. 2014, 2017).
For the majority of objects the fourth OGLE release contains
photometric data for individual stars, mean magnitudes in
the V and I-bands, pulsation periods, peak-to-peak ampli-
tudes and Fourier coefficients (R21, ϕ21, R31, ϕ31). To exam-
ine the Oosterhoff dichotomy in the Galactic bulge we used
only RRab stars for which all aforementioned Fourier coef-
ficients and mean magnitudes were available in both filters.
MNRAS 000, 1–18 (2017)
On the Oosterhoff dichotomy in the Galactic bulge 3
We also omitted variables that belong to GCs (gc.dat1),
have uncertain identification (remarks.dat1), and stars ex-
hibiting additional periods (Smolec et al. 2016; Prudil et al.
2017). In addition, we employed cuts based on the color-
magnitude diagram (CMD) using the selection criteria sug-
gested by Pietrukowicz et al. (2015):
I ≤ 1.1(V − I) + 16.0 (1)
I ≥ 1.1(V − I) + 13.0 (2)
V − I > 0.3 (3)
I < 18.0. (4)
These cuts were performed in order to remove stars with
unreliable colors (bluer than the bulk of RR Lyrae pulsators
in the Galactic bulge) and to improve the homogeneity of our
selected sample (see top panel of fig. 1 in Pietrukowicz et al.
2015). In the end, 11 888 variables passed the aformentioned
thresholds.
2.1 Removing stars with the Blazhko effect
As shown by Prudil et al. (2018), the Blazhko effect can hide
the existence of the Oo I and II populations in the Galac-
tic bulge. One way to detect the Blazhko effect is the period
analysis of individual stars, which in our case would be enor-
mously time-consuming due to our sample size. Therefore,
we combined two different approaches to remove stars from
our sample exhibiting the Blazhko effect. First, we removed
the fundamental-mode pulsators that were previously iden-
tified to show the Blazhko effect (over 40 % variables in the
sample studied by Prudil & Skarka 2017, from hereon re-
ferred to as PS17). We employed a 3σ clipping based on the
variables’ position in the ϕ31 vs. R31 and ϕ21 vs. R31 planes
using equations 5 and 6 from PS17.
Secondly, we used supervised machine learning to clas-
sify stars with Blazhko modulation. We used the data of
RR Lyrae stars classified as modulated or non-modulated by
PS17 (over 8 000 variables) to train various classifiers imple-
mented in scikit-learn (Pedregosa et al. 2011), a library
of the Python programming language. As input features we
used the pulsation periods, total amplitudes, and a combi-
nation of the Fourier coefficients (R21, R31, ϕ21, ϕ31).
The classifier’s performance can be hampered by under-
or overfitting the training sample, which can result in poor
performance on the test dataset. We can optimize the per-
formance via cross-validation, i.e., by dividing the already
classified dataset into two parts: a training sample, and the
validation sample. The model’s parameters are fitted to the
training data, while its hyper-parameters (i.e., parameters
that govern the model complexity or the fitting procedure)
are optimized on the validation data. The tuning of hyper-
parameters was carried out using the module GridSearchCV
with 10-fold cross-validation by maximizing one of the met-
rics (Average precision), from the aforementioned library. In
this procedure, the classified data from PS17 were randomly
shuffled and then divided 10 times into training and valida-
tion sets with 9:1 ratio in a way that every star is used in
1 Files provided by the OGLE-IV survey from their ftp data ac-
cess.
the a validation set only once. The resulting model was then
applied to the test set that was not used in building and
optimizing the model in order to evaluate the performance
of the classifier.
Here we provide a brief overview of the tested classifiers:
• The Random forest (RanForest) is a bootstrapping al-
gorithm based on Decision tree models. Decision trees are
accumulated into the final forest to determine the classifi-
cation value. The Random forest builds a model with dif-
ferent samples and various initial variables. This process is
repeated several times before the final model and prediction
are made. Therefore, the final prediction is a function of the
prediction of each model.
• The Support vector machines (SVMk) project initial
variables into a high-dimensional space. Then the algorithm
searches for a linear hyperplane to separate the training
groups with the largest margin. Support vectors, in this case,
are the data points located nearest to this hyperplane. Their
removal would alter the location of the hyperplane and re-
sult in a different classification of the training data.
• The Multi-layer perceptron (MLP) is an artificial
neural network mimicking the pattern of a biological neural
network. It contains at least three layers, the input, hidden,
and the output layer. The number of neurons (nodes) in each
hidden layer and the number of neurons (nodes) in each of
them are hyper-parameters of the model. Each individual
neuron is connected to all other neurons of the surrounding
layers.
We refer the interested reader to the book by Ivezic´ et al.
(2014) for a general and more thorough overview of machine
learning and the classifiers.
To select which classifier would serve best for our clas-
sification problem we used several performance metrics:
• Average precision
• Precision
• Recall
• Accuracy score
• Area under curve (under receiver operating curve)
where the average precision is the area under the precision-
recall curve. Precision and recall are described by the fol-
lowing equations:
precision =
TP
TP + FP
, (5)
recall =
TP
TP + FN
, (6)
where the precision stands for the ratio between true-
positives (TP) and the sum of TP and false-positives (FP).
The precision (sometimes referred to as purity), represents
how likely the classifier will be correct in giving a positive
example. The recall (or completeness/sensitivity) represents
the ratio between TP and the sum of TP and false-negatives
(FN) and stands for a probability that a positive example
will be retrieved by the classifier. To summarize, high preci-
sion gives a lower number of false examples and high recall
MNRAS 000, 1–18 (2017)
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Table 1. Performance of tested classifiers. Column 1 lists the
classifiers: MLP, RanForest, SVMk. Column 2 contains average
precision, columns 3 and 4 provide values for the precision and
recall, respectively. Columns 5 and 6 contain the accuracy score
(ACC) and area under the curve (AUC), respectively. Bold and
italic fonts mark values with the best and second-best perfor-
mance for each tested criterion.
Classifier 〈Prec.〉 Prec. Recall ACC AUC
RanForest 0.828 0.842 0.944 0.862 0.911
MLP 0.845 0.863 0.934 0.873 0.921
SVMk 0.816 0.825 0.961 0.856 0.911
gives high completeness of the retrieved positive examples.
The accuracy score (ACC) is given by equation:
accuracy score =
TP + TN
P + N
, (7)
and represents the ratio between the sum of true positives
and true negatives (TN) and the total population of exam-
ples (P - positive and N - negative). The area under the
curve (AUC) stands for the area under receiver operating
curves. The receiver operating curve (ROC) is a dependence
between the true positive rate against the false positive rate
(see bottom panel of Fig. 1).
In Table 1 we list various performance metrics of the
tested classifiers. The highest and second highest values for
a given criterion are marked by bold-face and italics, respec-
tively. The top classifier with the best performance was MLP
(red line in Fig. 1), with the following hyper-parameters2:
parameters = {Hidden layers = (100,75,50,25),
Activation function = ’tanh ’,
Learning rate = ’constant ’,
Solver = ’lbfgs ’,
Regularization term α: 0.75}
Therefore, we used as a training sample stars in which
the Blazhko effect was already identified by PS17 for the
MLP classifier with optimized hyper-parameters to train the
model that was applied to our selected sample. Stars identi-
fied by the classifier as non-Blazhko stars (8 339 RR Lyraes)
remained in the sample, while stars classified as Blazhko can-
didates were removed. We note that the majority of the stars
marked as modulated were short period variables associated
with the Oo I population.
3 DISTANCE DETERMINATION AND
SEPARATION OF THE OOSTERHOFF
GROUPS
To study the spatial distribution of the Oosterhoff groups in
the Galactic bulge we first calculated their distances using
period-metallicity-luminosity (P-M-L) relations, and then
separated the Oosterhoff populations based on their posi-
tion in the period-amplitude (P-A) diagram.
2 For a thorough documentation of individual hyper-parameters
see the scikit-learn description of the MLP classifier
at http://scikit-learn.org/stable/modules/generated/
sklearn.neural_network.MLPClassifier.html
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Figure 1. Comparison of tested classifiers against the test sam-
ple. To increase clarity, we choose to show only that region in
which the reader can easily distinguish differences between the
tested classifiers. This figure shows receiver operating curves with
lines (green, red and blue) representing the RanForest (dashed),
MLP(solid) and SVMk (dotted). The MLP performs better in
comparison with other classifiers, which is also reflected in the
AUC listed in the legend for the individual classifiers.
3.1 Metallicities and distances of RRab stars
To determine the distance of RRab stars we took advantage
of our broad range in color for individual RR Lyrae stars
in estimating their extinction, and then used Ks-band mean
magnitudes from the VVV survey. In the near-infrared, the
period-luminosity-metallicity relations for RR Lyraes follow
rather tight sequences, slightly less dependent on metallicity,
and relations between absolute magnitudes and pulsation
periods are known in various passbands (see Catelan, Pritzl,
& Smith 2004; Alonso-Garc´ıa et al. 2015; Marconi et al.
2015).
For the optical data we first decomposed light curves
using the Fourier series for the I-band photometric data:
m (t) = AI0 +
n∑
k=1
AIk · cos
(
2pikϑ + ϕIk
)
, (8)
where ϕI
k
stands for phases, and AI
k
represents amplitudes.
The phase function ϑ is defined as follows: (HJD − M0) /P,
where the time of observation is denoted by HJD (Heliocen-
tric Julian Date), M0 marks the time of maximum brightness
and the pulsation period is represented by P. The n repre-
sents the degree of the fit and was iteratively tailored for
each light curve. First, we started the calculation with the
third degree and increased the degree every time when the
condition Ak/σk > 4 was met. Once this condition was no
longer valid, we removed the outliers from the residuals, de-
trended the data using a low-degree polynomial, and started
the iteration again. Stars for which we were unable to find
a light curve solution including ϕI3 was removed from the
sample (198 stars). We note that the VVV survey provides
only aperture photometry and not preferable point-spread
function photometry. Thus, for each star, we selected an ap-
propriate aperture based on the minimum value of a cost
function for the fitted model on each light curve.
MNRAS 000, 1–18 (2017)
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The obtained Fourier coefficients served to calculate the
metallicity for the remaining 8 141 stars using equation 3
from Smolec (2005) (on the Jurcsik (1995), JK scale)3:
[Fe/H]JK = −6.125 − 4.795P + 1.181ϕ31 + 7.876A2. (9)
To properly account for errors in the metallicity we re-
analysed relation 3 from Smolec (2005) and calculated the
covariance matrix for the three-parameter solution:
Cov =

0.6914 −0.0632 −0.0907 −1.1951
−0.0632 0.0813 0.0024 0.0428
−0.0907 0.0024 0.0127 0.1430
−1.1951 0.0428 0.1430 3.1552
 (10)
This yields errors of on average 0.06 dex. With a dispersion
of σ = 0.14 dex from the Smolec (2005) relation, the result-
ing average error in metallicity was 0.20 dex. The calculated
metallicities were rectified using a customized pyrime4 code
from Hajdu et al. (2018) updated for our own Oosterhoff
classification (for our definition see Subsection 3.2). The final
metallicities were then converted to logZ = [Fe/H]JK −1.772.
We used the conversion factor −1.772 based on the solar
metallicity determined by Grevesse & Sauval (1998) and a
helium mass fraction of Y = 0.2485. The logZ and [Fe/H]
were subsequently used to determine absolute magnitudes
in the I and Ks-bands using relations from Catelan, Pritzl,
& Smith (2004) and Muraveva et al. (2018), respectively,
transformed into the VVV photometric system5:
MI = 0.471 − 1.132 · logP + 0.205 · logZ (11)
MKs = −0.8481 − 2.5836 · logP + 0.17 · [Fe/H]JK. (12)
We note that we tested several theoretical relations for the
absolute magnitude in Ks band. We found, similarly to Mar-
coni et al. (2015, their fig. 15) or Muraveva et al. (2015, their
table 3), non-negligible differences between different versions
of the same relation, suggesting the presence of systematic
uncertainties at the ∼ 0.1 mag level. In the end, we decided
to use the relation from Muraveva et al. (2018), which is
based on the latest (i.e. Data Release 2) parallaxes from the
Gaia space telescope and is model-independent.
Absolute and apparent magnitudes then served to es-
timate the reddening vector. First, we omitted stars with
E (I − Ks) < 0.5 and E (I − Ks) > 2.5 to limit the possible
incompleteness at the bright and faint ends of our sample.
We then applied an average boxcar filter on the I − MI vs.
E (I − Ks) distribution with varying box width (from 300 to
800 points) and a step size (from 10 to 299 points) and lin-
early fitted each binned distribution. We took into account
errors in I −MI . As weights for the fit, we used the standard
deviation of the I − MI distribution in the individual bins.
The final coefficients of the linear fit were selected based
on the median value of the distribution for the first coef-
ficient. The results of this procedure are shown in Fig. 2.
3 In the supplementary material for this paper we also provide
transformed metallicities on the Carretta scale (Carretta et al.
2009) using eq. 6 from Hajdu et al. (2018).
4 https://github.com/gerhajdu/pyrime
5 For calculation the MKs magnitudes we transformed our metal-
licities to the Zinn & West (1984) metallicity scale using the re-
lation from Papadakis et al. (2000).
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Figure 2. The linear dependence between reddening E (I − Ks )
and difference of apparent and absolute magnitude. The black
dots represent stars from our sample together with a red line
representing the reddening vector and blue lines outlining the
applied boundaries.
For a derivation of the extinction in the Ks-band, we then
followed:
E (I − Ks) = (I − Ks) − (I − Ks)0 (13)
AKs = 0.14 · E (I − Ks) . (14)
Lastly, the distances d (in pc) to the individual RRab stars
were detemined from the distance modulus:
d = 101+0.2·(Ks−MKs−AKs ). (15)
The errors in the distances were estimated as well. We as-
sumed 0.02 mag as the average errors for the I and Ks-band
light curves (De´ka´ny et al. 2013; Udalski, Szyman´ski, & Szy-
man´ski 2015). With the individual error estimates for the
metallicities, the errors in distance vary around a mean of
0.19 kpc.
3.2 Separation of Oosterhoff groups
Traditionally, the separation of the two Oosterhoff groups
can be achieved in the P-A plane using linear/polynomial re-
lations (see Clement & Shelton (1999) and Cacciari, Corwin,
& Carney (2005), respectively). These relations are based
on the fundamental-mode RR Lyrae stars in GCs and the
overall position of the Oosterhoff type I locus. As shown by
Kunder & Chaboyer (2009), the locus of Oosterhoff type I
variables in the Galactic bulge is shifted to lower pulsation
periods approximately by 0.02 days, in comparison with the
archetype of Oo I clusters, M3. This effect is due to the differ-
ence in metallicity of the aforementioned systems (-1.5 dex
for M 3 and -1.0 dex for the Galactic bulge, respectively, Cac-
ciari, Corwin, & Carney 2005; Pietrukowicz et al. 2015). Due
to this effect, we tailored our own polynomial relation based
on the selected sample in the V , I, and Ks-bands.
The OGLE-IV survey provides V-band data for our
sample stars, but the data in this passband are rather sparse.
Specifically, more than two-thirds of the sample stars have
MNRAS 000, 1–18 (2017)
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Table 2. Tables of coefficients for third and second-degree poly-
nomials describing the Oo I locus. Each table contains a list of
filters (column 1). The top table contains coefficients for the third-
degree polynomial (columns 2 - 5) and column 6 contains the σ
of the fit. The bottom table shows the coefficients for the second-
degree polynomial (columns 2 - 4) and the σ of the fit (column
5).
Filter
logP = a1 · Amp3i + a2 · Amp2i + a3 · Ampi + a4
a1 a2 a3 a4 σ
V -0.084 0.129 -0.157 -0.156 0.0016
I -0.324 0.289 -0.229 -0.160 0.0015
Ks 21.356 -20.004 5.340 -0.647 0.0066
Filter
logP = a1 · Amp2i + a2 · Ampi + a3
a1 a2 a3 σ
V -0.102 0.042 -0.209 0.0025
I -0.253 0.051 -0.204 0.0025
Ks -1.104 -0.003 -0.168 0.0106
less than 86 observations in the V-band. Therefore, we de-
fined a relation for V-band amplitudes of RR Lyraes using
the I-band photometry. We selected stars from our sample
that have at least 86 observations in the V-band (in total
2 671 variables). Using a Fourier decomposition (see Eq. 8)
of fourth degree we calculated amplitudes for the selected
RR Lyraes in the passband V . The V-band amplitudes were
compared with their I-band counterparts and a transforma-
tion equation was obtained in the following form:
AmpV = 1.6130 ± 0.0060 · AmpI , (16)
where AmpV and AmpI stand for the amplitudes in the
aformentioned passbands. We set the intercept to zero to
preserve the physical representation of the calculated V-band
amplitudes. We note that this relation between amplitudes
can depend on metallicity since amplitudes appeared in some
of the empirical relations for metallicity (e.g. see eq. 6 in
Sandage 2004). We tested this in several metallicity bins
and found only a negligible discrepancy between individual
bins.
To define a polynomial relation that would adequately
describe the locus of Oo I stars we proceeded in the following
way. We binned our stellar sample based on their amplitudes,
computed kernel density estimates (KDE) as a function of
the period for each amplitude bin and computed the max-
imum in each individual bin. These maxima were then fit-
ted with third and second-degree polynomial relations. We
proceded in the same way in all available colors to define
the Oo I progression. The number of amplitude bins were
manually optimized for each passband. The results of this
procedure are shown in Fig. 3 and the individual coefficients
are listed in Table 2 for all three passbands.
In the P-A diagrams, we can distinguish the Oo I locus,
but an Oo II locus (expected toward the right edge of the
distributions) is not visually apparent. In the bottom right
panel of Fig. 3 we show the distribution of the difference be-
tween the observed and calculated pulsation periods (∆logP,
based on the period-amplitude relations from Tab. 2). We
see a sign of a bimodal distribution with a peak at zero (the
Oo I locus) and an enhanced tail on the positive side (consis-
tent with Oo II stars). Thus, we decided to apply the condi-
tions prescribed by Miceli et al. (2008) to separate between
the two Oosterhoff groups while using a fixed threshold with
respect to the third-degree polynomial fitted to the I-band
amplitudes:
∆P = Pab − POoI
{
RRabOoI ∆P ≤ 0.045 days
RRabOoII ∆P > 0.045 days
}
. (17)
We note that the value of 0.045 days is based on RR Lyrae
stars in GCs. We tested different values for the boundaries
between both Oosterhoff populations ranging in ∆logP from
0.035 to 0.055. Values between 0.040 and 0.050 yield analo-
gous results when compared with the separation of the two-
hook structure in the top panel of Fig. 4. The uncertainty
in this value is mostly due to the metallicity dependence of
the Oo I locus.
The resulting separation based on I-band amplitudes
yields 6 086 variables associated with the Oo I group, and
2 055 stars with the Oo II group. A similar separation using
the V passband yields almost the same classifications as the
I-band data (the disagreement is around 1 %). This negligi-
ble difference was most likely caused by the transformation
from I-band amplitudes into the V-band. On the other hand,
the separation based on the infrared amplitudes yields dif-
ferent Oosterhoff classifications for 7.7 % of the sample. This
discrepancy was probably caused by the large scatter in the
P-A diagram and the lack of a pronounced Oo I locus in the
Ks-band. In the following, we will work with the Oosterhoff
groups separated based on the I-band P-A relation.
Our sample shows two-hook structures in the ϕ21 vs.
R31 and ϕ31 vs. R31 planes (see Fig. 4). These structures
were identified as two Oosterhoff populations in the Galac-
tic bulge by Prudil et al. (2018). On the other hand, in the
period-amplitude diagram we do not observe the locus of the
Oosterhoff type II variables, but only a pronounced Ooster-
hoff type I locus (top-left panel of Fig. 3).
In total, approximately 25 % of the stars in our sample
belong to the Oo II group, which is almost identical to the
1:4 ratio found by Drake et al. (2013, 24 %, in a sample
of 12 227 fundamental mode RR Lyraes) and Sesar et al.
(2013, 25 %, in a sample of 4 067 RRab type stars) for the
Galactic halo. However, the P-A diagrams for the Galactic
bulge and Galactic halo differ. In the Galactic halo, the Oo I
locus fits the polynomial relation by Cacciari, Corwin, &
Carney (2005) due to its lower metallicity. In addition, the
P-A distribution of Galactic halo RR Lyraes shows a more
pronounced Oo II locus than in the bulge.
3.3 The separation of the Oo groups by Manifold
learning
The separation of the Oosterhoff groups as described in
Sec. 3.2 is based on external information (i.e., locus posi-
tions in GCs), which might be debatable due to the fact
that the Oo II locus is not apparent on the P-A plane for
the bulge.. One can try and infer the Oo separation from
the two-hook structure in ϕ21/ϕ31 vs. R31 using clustering
algorithms, but due to their tight entanglement, this could
be challenging.
Thus we decided to employ Manifold-learning from
the scikit-learn library. The Manifold-learning is a
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Figure 3. The P-A diagrams for selected filters (top left panel: V , top right panel: I , bottom left panel: Ks) of studied RR Lyrae
stars in the Galactic bulge (GB), and the distribution of period differences based on the defined relation for I-band amplitudes (bottom
right panel). In the P-A diagrams, the yellow circles stand for the binned Oo I locus. The total number of bins is listed in the legend
of each plot. The violet dashed lines display a cut in order to select solely the Oo I progression in the P-A diagrams for each passband
individually. The black dots represent fundamental-mode RR Lyraes, and the red line shows our third-degree polynomial equation for
the Oo I locus. Lower right panel: The distribution of ∆logP values, obtained using the third degree polynomial relation for the Oo I
locus in the I-band amplitudes, is shown as a black line. The distribution was fitted with a sum of two Gaussian distributions (red line),
the blue dashed line denotes the borderline between both Oosterhoff groups.
type of unsupervised machine learning algorithms that per-
form non-linear dimensionality reduction and thus project
data into a low-dimensional Eucledian space. We looked for
the separation of the two Oosterhoff groups based on the
same parameters that were used for the removal of mod-
ulated stars (i.e., pulsation periods, amplitudes, R21, R31,
ϕ21, ϕ31 see Sec. 2.1) and ∆logP calculated from the third-
degree polynomial relation for I-band amplitudes. We used
the scikit-learn implementation of the Isometric Map-
ping (Isomap) algorithm (Tenenbaum, de Silva, & Lang-
ford 2000), which searches for a lower-dimensional setup
while preserving geodesic distances between data points.
The results of the Isomap algorithm can be seen in the
left panel of Fig. 5, where we show the reduced dimensions of
our RRab sample. We clearly see two rather well-separated
groups in the left-hand panel of Fig. 5. To separate Ooster-
hoff groups, we used the implementation of the Birch clus-
tering algorithm from the aforementioned library. We used
the entire stellar sample associated with the two Ooster-
hoff groups based on the P-A diagram, and trained the
clustering algorithm for the best performance, which sep-
arated both clusters (middle panel of Fig. 5) and divided
them consistently with the aformentioned Oosterhoff groups
(see Sec. 3.2). When compared to the original classification
based on the period-amplitude diagram we found agreement
in 95 % of the cases. The rest of the stars lie on the boundary
between the Oo I and Oo II groups as divided on the basis
of the period-amplitude diagram.
In the left-hand panel of Fig. 5 we see a small clump be-
tween the identified Oo I and II groups. Closer inspection of
the period-amplitude diagram shows that stars associated
with this structure fall on the low-amplitude, long-period
end of the Oo I group. In this subsection we showed that it
is possible to identify the Oosterhoff dichotomy and sepa-
rate the two Oosterhoff groups purely on the basis of the
properties of the bulge RR Lyraes and the location of the
Oo I locus. This approach can be used in any system that
does not show both Oo loci in the P-A plane.
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Figure 4. Distributions of our non-Blazhko bulge RRab sample
on the ϕ21 vs R31 (top) and the ϕ31 vs R31 (bottom) planes. In both
panels, blue dots represent Oo I stars, while red crosses stand for
Oo II variables. The insets in both panels display the separated
Oosterhoff groups highlighted with blue/red colors and the rest
of the sample marked by gray points to enhance the visibility of
the two-hook structure.
4 COMPARISON WITH BULGE GCS AND
PHYSICAL PARAMETERS
The OGLE-IV photometry contains information about 300
RR Lyraes that are probable members of 15 GCs (see the
bottom-left panel of fig. 2 in Soszyn´ski et al. 2014, for their
spatial distribution). We decided to compare our two Oost-
erhoff populations with two Galactic bulge GCs with the
highest number of fundamental mode RR Lyraes in OGLE-
IV data6, NGC 6401 and NGC 6441. We excluded the glob-
ular cluster M 54 from this comparison due to its location in
the Sagittarius dwarf spheroidal galaxy.
The globular cluster NGC 6401 is considered as a metal-
rich globular cluster ([Fe/H]JK = −0.98 dex, Tsapras et al.
2017). We performed Fourier analysis using the I-band light
curves and estimated the metallicity of the associated RRab
variables using Eq. 9, and removed potential modulated
stars using the trained classifier (see Sec. 2.1). This yields a
median metallicity of [Fe/H]JK = −1.02±0.05 dex, which is in
good agreement with the average metallicity of RR Lyraes in
the Galactic bulge [Fe/H]JK = −1.02 ± 0.25 dex, (Pietrukow-
icz et al. 2015). Based on the positions of its RRab variables
in the P-A diagram, the [Fe/H] vs. logP dependence, and
6 http://www.astrouw.edu.pl/ogle/ogle4/OCVS/blg/rrlyr/
gc.dat
the ϕ21 vs. R31 distribution (orange circles in Fig. 6), the
RR Lyraes in NGC 6401 clearly belong to the Oo I group
with a metallicity of the old bulge population.
The globular cluster NGC 6441 is a larger system in
comparison with NGC 6401. It is a known oddball in the
Oosterhoff population scheme. Together with NGC 6388,
these two clusters create their own group (sometimes re-
ferred to as Oosterhoff type III, Pritzl et al. 2000). The
fundamental-mode pulsators in NGC 6441 cluster occupy
the long-period end of the P-A diagram (green squares in
Fig. 6), similarly to Oo II stars, yet they have a high mean
metallicity of [Fe/H]JK = −0.43 dex (Clementini et al. 2005).
We performed a light curve decomposition on RRab vari-
ables associated with NGC 6441, and removed stars marked
by the trained classifier as possible modulated variables.
We detrended the data for individual pulsators (nearly all
stars show trends in the mean brightness) and calculated
their metallicities using Eq. 9. Their median metallicity is
[Fe/H]JK = −1.19 ± 0.23 dex, which does not agree with the
spectroscopic measurements by Clementini et al. (2005). We
comment on this discrepancy later in this Section. The RRab
stars associated with this cluster occupy similar regions in
the P-A diagram as some of the stars identified as the Oo II
variables. This hints at the possibility that some Oo III stars
may be hidden in our bulge RRab sample. Furthermore,
Kunder et al. (2018) found eight RRab stars in up to three
times the distance from the tidal radius of the NGC 6441,
which share similar radial velocities as RR Lyrae members
of NGC 6441. This points towards the possible occurrence
of stripped Oo III variables in the Galactic bulge among the
Oo II variables.
In addition, the low-amplitude double-mode variables
found by Smolec et al. (2016) with a dominant fundamen-
tal mode and long periods fall roughly in the region of
Oo III variables. Most of these double-mode pulsators can
be described using linear pulsation models with very high
metallicity (around -0.5 dex). Thus, we performed a thor-
ough analysis of the frequency spectra of fundamental-mode
variables in NGC 6441. We found that the object OGLE-
BLG-RRLYR-03918 exhibits an additional peak in the fre-
quency spectrum at fx = 1.99974 c/d with S/N=4.16. The
period ratio of this additional peak and the dominant mode
is 0.720, therefore it lies in a region of the Petersen diagram
(see fig. 1 in Smolec et al. 2016) where the aforementioned
double-mode pulsators occur. We did not detect any signal
at the combination frequency of the dominant mode and the
additional signal ( fx). The fx is close to the integer value in
the frequency spectra caused by Earth’s rotation. Therefore,
this star should be considered as merely a candidate for pos-
sible double-mode pulsators found by Smolec et al. (2016).
In the middle panel of Fig. 6, showing the [Fe/H]
vs. logP dependence, we see that RRab variables from
NGC 6441 mostly occupy the same region as the Oo II stars
in our sample. But for the RR Lyraes in a globular cluster,
we would expect a very narrow distribution in metallicities.
What we see here suggests that the RR Lyrae metallicity
relation (Eq. 9) does not apply to Oo III RR Lyraes. We see
a large dispersion in metallicity for RR Lyraes in NGC 6441
6 Transformed from the Zinn & West (1984) scale to [Fe/H]JK
using the relation from Papadakis et al. (2000).
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Table 3. Table of physical parameters determined from the pho-
tometric data. The columns from left to right list the Oo group,
and the columns 2 and 3 list the medians of the pulsation periods
and the mean metallicities for the Oosterhoff groups. Columns
4 and 5 list the median effective temperatures and the rise time
(RT).
P [day] [Fe/H]JK Teff [K] RT
Oo I 0.536 -1.04 6522 0.153
Oo II 0.674 -1.15 6100 0.178
when compared with RRab variables in NGC 6401 (yellow
circles). The bottom panel of Fig. 6 further corroborates
our conclusions that the fundamental-mode pulsators from
NGC 6441 coincide with the tail of the Oo II stars from our
sample, and therefore some Oo III variables may be hidden
in our Oo II sample.
4.1 Physical parameters
Based on the photometric data we can also estimate some
of the physical parameters of the selected variables. In this
analysis we assume that the calibrations are equally valid
for the Oo I and Oo II groups. To calculate effective temper-
atures we used equation 6 from Jurcsik et al. (2018). From
the Fourier analysis performed in § 3.1 we also estimated the
rise time (time between the minimum and maximum light,
from hereon RT) for individual variables. The calculated me-
dian physical parameters for both Oosterhoff groups can be
found in Table 3.
We see a larger difference in pulsation periods than in
GCs (see tab. 3.2 in Smith 1995) which broadcasts the dif-
ference in metallicity. The difference in the RT, on the other
hand, shows that light curves of Oo II stars are less skewed
than those of Oo I stars. This effect is also observed in Milky
Way GCs (see fig. 10 in Sandage, Katem, & Sandage 1981).
When we look at the distribution of the RT (see Fig. 7) we
see that stars with the shortest RT are solely associated with
the Oo I group. These stars have the highest amplitudes and
shortest pulsation periods. The vast majority of them belong
to the HASP (high amplitude short period) group identified
by Fiorentino et al. (2015).
The top and bottom panels of Fig. 8 show color-
magnitude diagrams (CMDs) of the stars in our sample.
We compared the Oosterhoff groups with linear pulsating
models (top panel) and stellar evolutionary models (bot-
tom panel). We computed the boundaries of the instability
strip (IS) using linear pulsation models (Smolec & Moskalik
2008), calculated on a grid of the following physical param-
eters:
• Masses - 0.5 < M < 0.8
• Luminosities - 30 < L < 80
• Temperatures - 5500K < Teff < 8000K
We used OPAL opacities (Iglesias & Rogers 1996) and the
solar heavy element mixture according to Asplund et al.
(2009). With the linear pulsation models we also calculated
lines of constant period (yellow and green lines) for the
median values of the pulsation periods in both Oosterhoff
groups (see Table 3). We computed the lines of constant pe-
riod for the whole grid of stellar pulsation models for masses
ranging from 0.5 to 0.8 M and searched for a case where we
find a similar amount of stars above and below the lines
of constant period in the CMD. The lines of constant pe-
riod best describe our studied Oo I and Oo II populations
for masses above 0.6 M (0.63 M for Oo I and 0.67 M for
Oo II). We note that for this estimate we considered only
stars with distances in the range from 6.4 to 10.3 kpc (see
Sec. 5.1), thus only the stars located in the approximate
volume of the Galactic bulge. Therefore, we assumed these
masses also for further comparison with stellar evolutionary
models.
We used the pre-computed horizontal branch tracks
from the BaSTI database (Pietrinferni et al. 2004). We se-
lected tracks for each Oosterhoff group separately. For the
Oosterhoff type I stars we used horizontal branch tracks with
the following parameters: Z = 0.002, M = 0.63 M and α-
enhanced abundances ([α/Fe] = 0.4 dex). For the Oosterhoff
type II stars we used a different set of parameters Z = 0.001,
M = 0.67 M and α-enhanced abundances ([α/Fe] = 0.4 dex)
due to their different median metallicity and mass from
the models of stellar pulsation. We note that selecting α-
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Figure 6. The P-A diagram (top panel), metallicity vs. period
distribution (middle panel), and ϕ21 vs. R31 dependency (bottom
panel). In all three figures, the orange circles and green squares
represent RRab stars in the GCs NGC 6401 and NGC 6441, re-
spectively. In the top panel the black dots represent all RRab
variables from our selected sample while in the middle plot they
stand for Oo II stars only. The bottom panel shows Oo I and Oo II
variables (blue dots and red crosses, respectively).
enhanced or scaled solar models does not change the results
significantly. Thus, Oo II variables seem to have either simi-
lar or higher masses than their Oo I counterparts. A similar
difference in masses between both Oosterhoff populations
has been suggested in the past (Catelan 1992; Cacciari &
Bruzzi 1993; Sandage 2006). We note that for pulsation and
evolutionary models the K0 and (V − I)0 magnitudes were
computed using static atmosphere models (Kurucz 2005).
Our results are in agreement with a study performed
by McNamara & Barnes (2014) on GCs, where they demon-
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Figure 7. The distribution of rise times (RT) for Oosterhoff
groups from our sample. The Oo I and Oo II groups are repre-
sented by blue and red columns, respectively.
strated that Oo II variables have larger radii and are brighter
in comparison with the Oo I stars. They also found 4 pul-
sators associated with the Oo III group. Overall we see that
the Oo II group is on average brighter (see the top and bot-
tom panel of Fig. 8) by approximately 0.23 mag in the dered-
dened Ks band. Moreover, the mean magnitudes of stars
from this group are redder (by (V − I)0 ≈ 0.1 mag) than
those of their Oo I counterparts. Furthermore, the masses
of Oo I and II seem to be different as well. At this point,
it is necessary to emphasize that the estimated physical pa-
rameters are strongly correlated with the pulsation periods
and metallicities. Therefore, the difference between the Oo I
and II populations in both parameters will propagate into
the others as well.
5 SPATIAL DISTRIBUTION OF THE
OOSTERHOFF GROUPS
In this section, we analyze the spatial distribution of both
Oosterhoff groups in the Galactic bulge, based on their co-
ordinates and calculated distances. We search for possible
overdensities within the groups, differences in their positions
in the bulge, and analyse their positions with respect to the
Galactic bar.
5.1 Oosterhoff variables in Galactic coordinates
For this part we used the known Galactic coordinates and
distances of our sample stars. First, the distances to individ-
ual stars were projected on the Galactic plane by multiply-
ing them with a factor of cos b. Then we defined three re-
gions: foreground, center, and background. As the foreground
of the Galactic bulge we selected stars with d ≤ 6.4 kpc and
for background variables we applied a d ≥ 10.3 kpc condi-
tion. These cuts were selected based on the spatial density
of our sample, to median distance to the Galactic bulge
of 8.3 kpc, assuming a bulge radius of approximately 2 kpc
(more than 80 % of our sample confined within selected ra-
dius, see Fig. 10, 12). Subsequently, we divided the central
region into 1287 cuboids with a edge length of 1.5 deg edge
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Figure 8. The color-magnitude diagrams for the Oosterhoff
groups from our sample stars compared with stellar pulsation
models (top panel) and stellar evolution models (bottom panel).
In the top and bottom panels red and blue lines stand for the red
and blue edges of the instability strip for fundamental mode pul-
sators (solid lines) and the first overtones (dashed lines). In the
top and bottom plots, blue dots and red crosses represent Oo I
and Oo II variables, respectively. The green and orange lines in
the top panel represent lines of constant period for the analyzed
Oosterhoff groups, calculated using stellar pulsation models. The
bottom panel depicts sample stars with horizontal branch models,
where orange and green lines represent evolutionary tracks form
masses 0.63 M and 0.67 M for Oo I and Oo II, respectively.
and a length of 0.3 kpc, and calculated the ratio of Oo I and
Oo II variables in each frustum. The ranges into which we
divided the central region were as follows: l = (−8; 8.5) deg,
b = (−7.5; 6.0) deg and d = (6.4; 10.3) kpc.
Then, we divided our cuboid sample into stripes based
on the Galactic latitude creating nine slices, each composed
of 143 cuboids. The fraction of Oo I group stars in each slice
is shown in Fig. 9. This figure shows in nine panels color
maps of the fraction of Oo I stars in different slices of the
central region of the Galactic bulge. Overall, we do not see
any large-scale structures traced by an excess of Oo I vari-
ables as compared to the characteristic ratio between Oo I
and Oo II for the bulge as a whole (25 %; see Sec. 3.2). We
see some small structures but when closely inspected they
do not show any possible overdensity in one or the other
Oosterhoff type.
In Table 4, we listed median values in d for both Ooster-
Table 4. Table for the median values of the distance in each
selected segment with respect to the Oosterhoff group. Column
1 lists the studied regions, columns 2 and 3 and columns 4 and
5 mark the median values of the distance and fraction of a given
Oosterhoff group, respectively.
Oo I Oo II
Region d [kpc] % d [kpc] %
foreground (d≤6.4 kpc) 5.85 81.4 5.94 18.6
b = 〈−6.75 ± 0.75〉 [deg] 8.35 73.5 8.50 26.5
b = 〈−5.25 ± 0.75〉 [deg] 8.29 75.5 8.48 24.5
b = 〈−3.75 ± 0.75〉 [deg] 8.25 77.1 8.37 22.9
b = 〈−2.25 ± 0.75〉 [deg] 8.14 76.7 8.21 23.3
b = 〈−0.75 ± 0.75〉 [deg] 7.94 69.2 8.11 30.8
b = 〈0.75 ± 0.75〉 [deg] 7.74 67.4 8.42 32.6
b = 〈2.25 ± 0.75〉 [deg] 8.17 75.5 8.31 24.5
b = 〈3.75 ± 0.75〉 [deg] 8.20 75.4 8.43 24.6
b = 〈5.25 ± 0.75〉 [deg] 8.31 73.8 8.57 26.2
background (d≥10.3 kpc) 11.36 63.1 11.58 36.9
hoff groups in individual regions, together with their fraction
in each segment. From this table we see that in almost all
studied regions the median values of d are higher for Oo II
stars. It is necessary to add that within the absolute-median-
deviation for Oo I and II (±0.6 kpc), differences in distances
are not significant. The difference in the representation of
both Oosterhoff groups is the most striking between fore-
ground and background. In the foreground more than 80 %
variables are Oo I stars, while in the background their num-
bers go down to 63 %. For the central region the representa-
tion of Oo II increases up to 30 %. The discrepancy between
foreground, background and central regions might also be an
incompleteness effect, since the Oo II stars are on average
brighter and thus easier to detect at larger distances or in
high-extinction regions.
To conclude, we do not see any major structures in the
Galactic bulge formed by either of the Oosterhoff groups.
We do see some small iregularities in their distributions,
mainly in the front and back part of the Galactic bulge. The
differences in number fraction of foreground and background
regions might be connected to an observational bias, since
the Oo I and II populations differ in luminosity.
5.2 Density profile of bulge RR Lyraes and the
Galactic bar
For the construction of the density profile we transformed
Galactic coordinates and distances of individual stars into
a Galactocentric Cartesian coordinate system using the fol-
lowing equations:
x = (−d + dcen) · (cos b · cos bcen · cos (l − lcen) + sin b · sin bcen) , (18)
y = d · cos b · sin (l − lcen) , (19)
z = d · (sin b · cos bcen) − d · cos b · sin bcen · cos (l − lcen) , (20)
where bcen and lcen denote the center of the Galactic bulge
(bcen = lcen = 0◦), The dcen stands for the median of the es-
timated distances for stars from our sample, which we will
denote as distance to the Galactic center. In our transfor-
mation, the coordinate axes correspond to each other in the
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Figure 9. Color maps for the spatial distribution of the studied RRab pulsators based on the fraction of the Oo I group using distance
vs. Galactic longitude in selected stripes in Galactic latitude coordinates. From the top-left to the bottom-right panels we displayed slices
going from −6.75 up to 5.25 deg with 1.5 deg steps. The white/brown colors mark the regions with the majority of Oo I variables, and
green/yellow regions represent the regions with equivalent or higher number of Oo II variables. The blue regions denote in most cases
the sectors with the lowest number of stars or those where the ratio between the Oosterhoff groups is more in favor of the Oo II group.
These regions were in most cases not observed by the OGLE team. The numbers in each grid represent the total number of RR Lyraes
that were found in that region.
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following way: x ∼ d (increases in positive direction towards
the Galactic anticenter), y ∼ l (positive in the direction of
Galactic rotation) and z ∼ b (positive in the direction to the
Galactic North pole). Using the Cartesian coordinates we
then calculated the radius r:
r =
√
x2 + y2 + z2. (21)
Subsequently, using the radius r we divided our sample stars,
with respect to each Oosterhoff group, into individual an-
nuli with a width of roughly 0.18 kpc except for the first
bin, which had a larger width of 0.2 kpc to account for the
low number of pulsators in the central region. We cut off
at a radius of r = 3.4 kpc, due to the fact that for higher
radii we would include only the stars behind the Galactic
bulge at distances higher than 11.7 kpc. Furthermore, we
calculated the number density of stars in individual spher-
ical shells around the Galactic bulge. All calculated densi-
ties were normalized using the density of the first bin. This
bin was afterwards removed from the density plot due to
possible incompleteness because of its position close to the
Galactic center. The spherical distribution was fitted with a
power-law in the following form:
log (ρr ) = k + n · log (r), (22)
where ρr stands for RR Lyrae number density, and k and
n are parameters of the model. Fig. 10 depicts the resulting
density profile for the RR Lyrae distribution in the Galactic
bulge. The spherical distribution for both Oosterhoff popu-
lations can be described by a simple power-law.
Error bars for an individual bin in the density profile
were calculated in the following way. We assumed that the
distribution of log(r) for both Oosterhoff groups follows a
Gaussian distribution. Using average values and the stan-
dard deviation for log(r) we randomly generated 50 000 dis-
tributions for an individual Oosterhoff population and di-
vided them into the same bins as for the selected sample
stars. Subsequently, we calculated the standard deviation in
individual bins, which is depicted as the aforementioned er-
ror bar in Fig. 10. Based on the calculated deviations in the
bins, we detect at some radii a statistically significant dif-
ference between the Oo I and Oo II stellar density, especially
in the outer regions.
From Fig. 10 we see that in the central regions (around
r = 1 kpc from the center) the normalized density of Oo II
variables is higher than that of Oo I pulsators (although not
statistically significant). This is potentially due to the fact
that Oo II stars are on average brighter than their Oo I coun-
terparts, thus it is easier to detect them at such large dis-
tances or in regions with higher extinction. As we move out-
ward, the densities become comparable and Oosterhoff pop-
ulations seem evenly distributed. In the regions with higher
r (approximately from r = 2.0 kpc) the difference between
the density of Oo II stars and their Oo I counterparts be-
comes equal and in some cases even higher and statistically
significant, based on the calculated errors. This higher inci-
dence rate of Oo II variables could be ascribed to a region
behind the Galactic bulge (see Sec. 5.1).
Here it is important to address the depth of the OGLE
survey and its completeness. Udalski, Szyman´ski, & Szy-
man´ski (2015) estimated the depth of dense OGLE-IV fields
to reach ≈ 20.5 mag. They found OGLE-IV to be complete
to ≈ 18.5 mag in the I-band for individual sources in dense
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Figure 10. The density profile in the studied Oosterhoff groups
in the Galactic bulge. The panel shows the density profile of RR
Lyraes in the Oo I and II populations assuming a spherical model
of the Galactic bulge. The blue dots and red squares represent
Oo I and Oo II stars, respectively. The errors in the individual
bins were calculated using a Monte Carlo simulation.
Table 5. Table for differences in density between the Oosterhoff
groups in the Galactic bulge. Column 1 represents annuli in ra-
dius r extending from the Galactic center. The columns 2 and
3 list the normalized stellar density for the Oo I and Oo II pop-
ulations, respectively. Column 4 represents absolute differences
between the densities of the Oosterhoff populations in individual
bins and the uncertainty of this difference. The bold-faced rows
mark regions where the difference is statistically significant.
r [kpc] ρOo I [N?/kpc
3] ρOo II [N?/kpc
3] |ρOo I − ρOo II |
0.99 1.2326 1.1851 0.0475 ± 0.1263
1.17 0.7480 0.7804 0.0324 ± 0.0832
1.35 0.4755 0.4678 0.0077 ± 0.0559
1.53 0.2559 0.2466 0.0092 ± 0.0387
1.70 0.1567 0.1728 0.0161 ± 0.0275
1.88 0.0955 0.0994 0.0038 ± 0.0198
2.06 0.0601 0.0795 0.0194 ± 0.0147
2.24 0.0500 0.0481 0.0019 ± 0.0110
2.42 0.0308 0.0322 0.0014 ± 0.0084
2.60 0.0202 0.0258 0.0056 ± 0.0065
2.78 0.0147 0.0238 0.0091 ± 0.0051
2.95 0.0113 0.0155 0.0042 ± 0.0040
3.13 0.0072 0.0084 0.0011 ± 0.0033
3.31 0.0068 0.0084 0.0016 ± 0.0026
fields. The completeness of OGLE-IV RR Lyraes depends
on many aspects, e.g. the amplitude of changes and the
brightness, the number of observations, the pulsation mode
etc. For detection and correct classification of individual
RR Lyrae stars the above value might not be the true com-
pleteness of the OGLE-IV sample. Soszyn´ski et al. (2014)
used overlapping fields observed by OGLE-IV to evaluate
completeness. For fundamental-mode RR Lyrae pulsators
they estimate the completeness to be above 95 % for vari-
ables brighter than I = 17 mag.
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5.3 Oosterhoff groups with respect to the
Galactic bar
In the past, several studies tried to use RR Lyrae stars as
tracers of the Galactic bar with different results (De´ka´ny
et al. 2013; Pietrukowicz et al. 2015). From the kinematical
point of view, the kinematics of old population variables is
inconsistent with the kinematics expected for a B/P bulge
(Kunder et al. 2016).
The position of the Galactic bar has been traced by
intermediate-age stars (red clump stars; Nishiyama et al.
2005; Gonzalez et al. 2011; Wegg & Gerhard 2013). In or-
der to explore a possible association with the Oosterhoff
groups, we will use the bar positions found by Gonzalez et
al. (2011). They traced the bar above and below the Galac-
tic center (Galactic latitudes b = ±1 deg). To compare the
distances of individual stars from the Galactic bar with re-
spect to their Oosterhoff population we transformed coor-
dinates and distances into the Cartesian coordinate system
described above. We transformed the coordinates and dis-
tances from Gonzalez et al. (2011) for the Galactic bar as
well. Subsequently, we calculated the Euclidian distances be-
tween individual pulsators and the Galactic bar.
In Fig. 11 we plot the cumulative fraction and normal-
ized distributions of distances for our sample stars from the
Galactic bar above (left-hand panel) and below (right-hand
plot) the Galactic plane. We see that below and above the
Galactic plane the Oo I stars peak at slightly shorter dis-
tances from the Galactic bar than the Oo II population. For
Oo I stars the median values for distances from the Galactic
bar are 0.75 kpc and 0.97 kpc above and below the Galactic
plane, respectively. The Oo II component has a median dis-
tance of 0.77 kpc and 1.00 kpc above and below the Galactic
plane, respectively. A similar effect is also seen in the in-
set of Fig. 11 where we see that for distances close to the
Galactic bar, the probability of finding Oo I stars is higher
than for Oo II variables. Once we move further away from
the bar (approximately at 1.15 kpc away in radial direction)
the probability of finding one or the other group becomes
almost the same or higher for the Oo II group.
To further study the possible correlation between the
Galactic bar and RR Lyrae stars we computed two-point
correlation functions in order to quantify the clustering of
stars in the vicinity of the Galactic bar. In the two-point
correlation function ω(θ) we quantify how likely it is to find
two stars separated by a distance θ in a non-clustered ran-
domly generated distribution (Peebles 1980). Over the years
several estimators have been introduced by e.g., Davis &
Peebles (1983) and Hamilton (1993). In this study we will
use the estimator from Landy & Szalay (1993), which reads
as follows:
ω(θ) = r · (r − 1)
n · (n − 1)
DD
RR
− (r − 1)
n
DR
RR
+ 1, (23)
where the variables r and n represent total number of ran-
dom points and of data points. The DD, DR, and RR
acronyms are pair counts of stars in the data catalog, data
and random catalog, and random catalog, respectively. We
selected regions around the Galactic bar in x and y coordi-
nates above and below the Galactic plane with a range of
± 2 kpc in x direction for the position of the Galactic bar
and removed stars lying outside the set borders (see bottom
panels of Fig. 12). Two random catalogs were generated and
masked in the same manner.
The top panels of Fig. 12 show the resulting two-point
correlation functions for both Oosterhoff groups above and
below the Galactic plane with respect to the Galactic bar.
For the region below the Galactic plane we see that Oo I and
II stars, in the vicinity of the Galactic bar, cluster in a similar
manner. Neither of the groups seems to be more clustered.
On the other hand, above the Galactic plane we see that the
Oo II group seems to be more clustered in comparison with
the Oo I component. However, results from the Kolmogorov-
Smirnov test suggests that the Oo I and II groups are drawn
from the same distribution, with a p-value = 0.27. Overall
neither of the groups seems to cluster at the position of the
Galactic bar, which is in agreement with the previous studies
done by De´ka´ny et al. (2013) and Minniti et al. (2017) as well
as seen in the study of the disk RR Lyrae stars by (De´ka´ny
et al. 2018). In addition, in the bottom panel of Fig. 12 we do
not observe any major trend in RR Lyrae stars that would
imply that they concentrate at the position of the Galactic
bar above or below the Galactic plane.
6 CONCLUSIONS
In this paper, we used photometric data for RRab type stars
from the OGLE-IV and VVV surveys to study the differ-
ences, in physical properties, and spatial distributions of the
Oosterhoff I and II populations in the Galactic bulge. Our
results can be summarized as follows:
• We identified and separated the Oo I and II popula-
tions among non-modulated RR Lyrae stars in the Galac-
tic bulge, based on the period-amplitude space and using
the manifold learning. Approximately 25 % of the analyzed
stars (from 8 141 fundamental-mode variables) belong to the
Oo II group, which is consistent with similar studies for the
Galactic halo.
• Based on the estimated physical parameters the Oo II
stars are on an average cooler (≈400 K), more massive
(≈0.04 M), brighter (by 0.23 mag in Ks-band), and more
metal-poor (≈0.1 dex)than the Oo I pulsators. A comparison
with models of stellar pulsation and evolution showed that
the Oo II variables are more massive than Oo I stars.
• Both Oosterhoff groups were compared with two GCs
in the Galactic bulge, NGC 6401 and NGC 6441, identified
as containing Oo I and Oo III stars, respectively. Based on
the positions of individual stars in the period-amplitude or
metallicity and ϕ21 or ϕ31 vs. R31 diagrams some stars from
our Oo II group may actually belong to the Oo III group.
• We studied the spatial distribution of the Oo I and
II groups in the Galactic bulge. We found that the re-
gion denoted in our work as the foreground (for distances
d ≤ 6.4 kpc) of the Galactic bulge contains fewer variables
associated with the Oo II component (less than 19 %, in com-
parison with the overall distribution 25 %). On the other
hand, in the central region of the Galactic bulge with one
exception, we do not see any difference in the overall value of
25 %. We found an increase in the occurrence of Oo II stars
(above 30 %) in the region encompassing the Galactic cen-
ter in b = (-0.75±0.75 deg) Galactic latitude. The difference
in the representation of the Oo I and II groups also appears
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Figure 11. The cumulative fractions and distributions (in the insets) of the distances from the bar for the studied Oosterhoff groups.
The left-hand plot depicts the distribution above the Galactic plane where the red dashed lines stand for the Oosterhoff type II variables
and the blue lines represent Oosterhoff type I pulsators. The right-hand plot represents a similar distribution but for stars below the
Galactic plane with the same color-coding.
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Figure 12. Two-point correlation function for the Oo I and II groups in the Galactic bulge. The two top panels show results of the
two-point correlation function, ω(θ), with blue and red lines denoting Oo I and Oo II stars, respectively, while θ represents the distance
separation between the data and randomly generated points. The left-hand panel shows results for the region above the Galactic plane
and the right-hand panel illustrates the region below the Galactic plane. The two bottom figures display masked regions (black dashed
lines) with the Galactic bar (green solid line). The blue points stand for stars within the masked region, while red crosses lie outside the
outline boundary.
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when we progress from the Galactic center toward larger dis-
tances to the denoted background (for distances d ≥ 10.3 kpc)
region. Here we found a high occurrence of Oo II stars, which
constitute almost one-third of the RR Lyrae stars. Both of
these discrepancies may be related to the fact that Oo II
stars are intrinsically brighter and redder than Oo I stars,
and therefore detectable at larger distances and in regions
with higher extinction.
• The density profile for both Oosterhoff groups in the
Galactic bulge shows that as we move radially outward from
the Galactic center the density of the Oo II stars rises. In
some cases, the normalized density even exceeds the nor-
malized density of the Oo I variables with a statistical sig-
nificance (more than σ). The distribution of distances from
the Galactic bar showed that the Oo I group peaks on aver-
age on shorter distances than the Oo II populations. On the
other hand, based on the two-point correlation function for
the Oo I and II group below the Galactic plane, both groups
are similarly distributed. Above the Galactic plane the Oo II
population seems to be slightly more clustered in compari-
son with the Oo I population. We did not find any correlation
between the Galactic bar and the Oosterhoff groups.
• In order to test our derived extinction law and subse-
quently our results, we decided to re-do the whole analysis
for two independent distance estimations. In the first ap-
proach we used the J-band from the VVV photometry using
the pyfiner (Hajdu et al. 2018) for our sample and extinc-
tion law derived by Majaess et al. (2016) for E(J − K) to
estimate AK . In the second approach we used the extinction
maps by Gonzalez et al. (2012) to gain E(J − K) and equa-
tion 29 from Nataf et al. (2013) to derive AI . In the end,
we compared the results for all three methods and verified
that our main conclusions remain the same regardless of the
assumed extinction law.
Our main conclusions are as follows. The Galactic bulge
contains mainly two Oosterhoff groups (Oo I and II) that dif-
fer in metallicities, masses, luminosities, and colors. This is
in agreement with similar studies in GCs. A small portion of
Oo II stars probably belong to the Oo III group. The spatial
distribution of Oo I and II groups in the Galactic bulge does
not show any systematic difference between both groups and
the Oosterhoff populations seem to be well mixed. In the
background and central region of the Galactic bulge we ob-
serve an increase of Oo II variables, which is probably an
observational bias due to their higher brightness. We do
not observe any spatial correlation with the Galactic bar
for the aforementioned Oosterhoff groups, which is in agree-
ment with De´ka´ny et al. (2013) and Minniti et al. (2017)
but in disagreement with Pietrukowicz et al. (2015). One
of the possible reasons for this discrepancy is a different
treatment of extinction, and that our analysis, unlike that
of Pietrukowicz et al., is partly based on near-infrared data.
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